Introduction
============

Alzheimer\'s disease (AD) is a fatal progressive neurodegenerative disease that affects over 35 million individuals globally [@B1], [@B2]. To date, there are no specific vaccines or other effective preventive measures for this disease [@B3]. AD is accompanied by cognitive decline, memory loss, and behavioral disability and is usually associated with the generation of neuritic plaques and neurofibrillary tangles in the brain. Previous studies have demonstrated that the major component of the neuritic plaques is the β-amyloid peptide (Aβ), which comprises 39-43 amino acid residues that are cleaved from the amyloid precursor protein [@B4]. Among the Aβ isoforms that are present in AD, Aβ(1-42) aggregates are widely believed to be the most pathogenic, and the aggregation of Aβ(1-42) into oligomers and fibrils is a key process associated with AD [@B5], [@B6]. Thus, Aβ(1-42) aggregation is generally considered an important biomarker and drug target for AD research and therapy.

Clinical and research evidence indicates that the neuropathology starts 10-20 years before AD becomes clinically overt. Patients who are clinically diagnosed with AD are usually in the middle and late stages of the disease, and the existing treatments are inadequate for achieving satisfactory efficacy. An assay of aggregated Aβ(1-42) in the early stages of AD can help diagnose AD in an early stage and can help researchers understand the pathogenesis of the disease [@B7]. Thus, the detection of Aβ(1-42) oligomerization may be a potential approach for the early diagnosis of AD.

A range of methods with high reproducibility and reliability have been employed to detect Aβ(1-42) aggregation, including imageology-based methods [@B2], [@B8] such as computerized X-ray tomography (CT) and magnetic resonance imaging (MRI), fluorescence correlation spectroscopy (FCS) [@B9], surface plasmon resonance (SPR) [@B10], aggregation-induced emission (AIE)-based fluorescence assay methods [@B11], [@B12], polyacrylamide gel electrophoresis (PAGE) [@B13], immunoprecipitation [@B14], mass spectrometry [@B15], thioflavin T (ThT)-based fluorescent staining [@B16]-[@B18], and enzyme-linked immunosorbent assay (ELISA) [@B19]; however, they usually suffer from requiring expensive instruments and complicated operations, thereby limiting their applications to routine testing for Aβ(1-42) aggregation. Alternatively, to overcome these problems, electrochemical techniques have been used to monitor Aβ(1-42) aggregation [@B20], [@B21]. Although these assays have shown low detection limits, some challenges still exist. For instance, the electrode usually requires a sophisticated surface modification process. Therefore, it is necessary to construct a label-free, low-cost yet sensitive sensor for Aβ(1-42) aggregation detection.

Recently, we reported a paper-based bipolar electrode electrochemiluminescence (pBPE-ECL) detection system integrating the "light switch" molecule \[Ru(phen)~2~dppz\]^2+^ into the system for sensitive, quantitative, and label-free detection of analytes [@B22]. In this system, the pBPE was made by wax-screen printing and screen printing. Two driving electrodes of the pBPE were connected to a DC power supply, while the working electrode does not need to be connected to a wire, enabling a wireless assay. We have demonstrated that the "light switch" molecule shows no ECL in aqueous solution but does display intense ECL in the presence of DNA. It has also been reported by other groups that the interaction of \[Ru(phen)~2~dppz\]^2+^ with Aβ(1-42) aggregation may also result in a change in the polarity of the microenvironment in a similar fashion to its interaction with DNA [@B23]-[@B29]. Therefore, we hypothesize that a pBPE-ECL system coupled with the mechanism of \[Ru(phen)~2~dppz\]^2+^ binding to Aβ(1-42) aggregates may facilitate the development of a label-free and sensitive platform for Aβ(1-42) aggregation detection toward the potential diagnosis of AD.

As a proof of concept, for the first time, we developed a label-free and disposable pBPE-ECL sensor for Aβ(1-42) aggregation detection. Compared to reported sensors for Aβ(1-42) aggregation, the proposed approach possesses some remarkable features: 1) The pBPE-ECL detection platform is label free and easy to operate without using expensive instruments [@B30], [@B31]; 2) the paper-based detection chip is disposable, low-cost and amenable to batch fabrication [@B32], [@B33]; and 3) the detection platform is so sensitive that as low as 100 pM equivalent monomer concentration of Aβ(1-42) could be detected, and the oligomerization process of Aβ(1-42) can be monitored in real time by the novel method simultaneously. The cerebrospinal fluid (CSF) of transgenic AD model mice was tested, and the results were highly consistent with genetic identification, highlighting the practical application capacity of this platform. In addition, we demonstrated the feasibility of this platform as a potential new method for the screening of Aβ aggregation inhibitors. Overall, this platform holds great promise as a potential method for AD diagnosis.

Methods
=======

Materials
---------

1,1,1,3,3,3-Hexafluoroisopropanol (HFIP), thioflavin T and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (USA). Aβ(1-42), human (\>95%) was purchased from ChinaPeptides (Shanghai, China). Whatman chromatography paper (Ф=125.0 mm, pure cellulose paper) was purchased from Hangzhou WoHua Filter Paper Co., Ltd. (Zhejiang, China). Conductive carbon ink (model number CNB-7, \<60 Ω square^-1^), which was used as a fabrication material for the driving/working electrodes, was obtained from Xuzhou Bohui New Materials Technology Co., Ltd. (Xuzhou, China). Solid wax was obtained from a local department store. \[Ru(phen)~2~dppz\](PF~6~)~2~ was synthesized and characterized according to previously reported methods (**Figure [S1](#SM0){ref-type="supplementary-material"}**). Tripropylamine (TPrA) (≥98%) was obtained from Sigma-Aldrich (St. Louis, MO, USA).

Deionized water was prepared with a water purification system (≥18 MΩ) and used in all the experiments. All the chemical reagents were of analytical reagent grade and were used without any further purification.

Apparatus
---------

A DC power supply (Model LW-K605D) was purchased from Longwei Instrument Meter Co., Ltd. (Hong Kong, China). The voltage of the photomultiplier tube (PMT; MP-962, Perkin Elmer, Wiesbaden, Germany) was set to 850 V for detection. The signal was then amplified and discriminated with transistor-transistor logic (TTL) and quantified using a multi-function acquisition card (PCI-1751, Advantech, Taiwan) controlled by a LabVIEW-based software program that was configured in-house.

Treatment of Aβ(1-42) Solution
------------------------------

Aβ(1-42) was prepared as previously described [@B34]: first, lyophilized peptides were dissolved in 220 µL of HFIP, and then the obtained monomeric Aβ(1-42) solution (1 mg/mL) was incubated overnight at room temperature for 24 h. The HFIP solvent was evaporated under nitrogen gas, and the monomeric Aβ(1-42) was redissolved in 44 µL of DMSO. The resultant Aβ(1-42) monomer solution (5 mM) was stored at -20 °C as a stock solution. Aβ(1-42) aggregates were obtained by incubation of the Aβ(1-42) monomer solution in PBS at 37 °C in the dark for more than 24 h.

Atomic force microscopy (AFM) imaging
-------------------------------------

AFM images of samples withdrawn at different incubation times were studied to directly observe and monitor the formation of fibrils. Tapping mode was used to observe morphologies during the fibrillation process. To scan the AFM images, aliquots of samples withdrawn at different incubation times were diluted with PBS, drop-coated on a freshly cleaved mica surface, and allowed to dry for at least 1 h.

ThT binding fluorescence assay
------------------------------

For real-time detection of Aβ(1-42) aggregation with a ThT binding assay, 50 nM monomeric Aβ(1-42) incubated with PBS buffer (pH 7.4) for 0, 0.5, 1, 2, 4, 8, 16, 24, 48, 72 and 120 h at 37 °C was analyzed using a JASCO-FP6500 LS-55 fluorescence spectrophotometer (PerkinElmer, USA). When screening for Aβ(1-42) aggregation inhibitors with the ThT binding assay, 50 nM monomeric Aβ(1-42) was incubated with different concentrations of Congo red and curcumin ranging from 0 to 100 μM in PBS (pH 7.4) for 24 h at 37 °C. The final concentration of ThT was 6 μM. The excitation wavelength was 440 nm, and the emission intensity at 482 nm was used for analysis.

Collection of CSF from the cisterna magna in mice
-------------------------------------------------

The present study was performed in accordance with the guidelines of the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council). It was approved by the Institutional Animal Care and Use Committee of our university (South China Normal University, Guangzhou, China).

CSF samples were taken from the cisterna magna of mice using a method that was published previously with slight modification [@B35]. Briefly, the mice ere anesthetized with pentobarbital sodium (2 wt%). The skin of the neck was shaved, and the mice were then placed prone on the stereotaxic instrument. A sagittal incision of the skin was made inferior to the occiput. Under the dissection microscope, the subcutaneous tissue and neck muscles through the midline were bluntly separated. Hemostatic forceps were used to hold the muscles apart. Then, the mouse was laid down so that the body made a 135° angle with the fixed head. At this angle, the dura and spinal medulla were visible and had a characteristic glistening and clear appearance, and the circulatory pulsation of the medulla (i.e., a blood vessel) and adjacent CSF space could be seen (**Figure [S5](#SM0){ref-type="supplementary-material"}A**). The dura was then penetrated with a 6 cm long glass capillary that had a tapered tip with an outer diameter of 0.5 mm. Following a noticeable change in resistance to the capillary insertion, the CSF flows into the capillary (**Figure [S5](#SM0){ref-type="supplementary-material"}B**). The average volume of CSF obtained was approximately 5 µL. All samples were stored in polypropylene tubes at -80 °C until analysis.

Western blot analysis using β-amyloid antibody to evaluate the amyloid-β oligomer in CSF
----------------------------------------------------------------------------------------

Briefly, 5 μL of CSF sample was mixed with SDS sample loading buffer, boiled for 8 min, and separated by 15% SDS-PAGE. Proteins separated in the gels were electrophoretically transferred to PVDF membranes. Membranes were blocked for 1 h using 5% non-fat dry milk in TBS containing 0.5% Tween-20 (TBST) and then incubated with β-amyloid antibody (Santa Cruz, sc-28365) at 4 °C overnight. After three washes with TBST, secondary antibody application was performed at RT for 2 h. The signals were detected with an ODYSSEY Infrared Imaging System (LI-COR). The intensity of the Western blot signals was quantified using ImageJ software (National Institutes of Health (NIH), Bethesda, MD), and the results of densitometric analysis are presented as the ratio of protein/GAPDH protein and are compared with the controls and normalized to 1.

Fabrication of the pBPE
-----------------------

The screen-printing fabrication process for the pBPE was performed according to previously reported methods with slight modifications [@B22], [@B36], [@B37]. Briefly, the patterning shapes for screen-printing the pBPE chip were designed using Adobe Illustrator CS6 and then delivered to the local screen printing shop to manufacture the screens initially. The fabrication process of the molds used for screen printing and wax-screen printing is shown in **Figure [S6](#SM0){ref-type="supplementary-material"}**. Then, the filter paper was cut into a uniform size. Afterwards, the BPE and driving electrodes were fabricated on the hydrophilic channel by a screen printing technique with carbon ink. Finally, the dried semi-finished product was heated together with the screen at 80 °C for approximately 10 s to melt the wax to produce hydrophobic areas on it with the screen mesh openings, while areas with a cross-linked photosensitive material yielded the hydrophilic channel during the wax-screen printing process.

pBPE-ECL assays
---------------

Once the pBPE was fabricated, the pBPE-ECL assays were performed. A typical procedure is described in detail below. The as-prepared pBPE-ECL chip was placed on a 3D-printed substrate, and the pair of driving electrodes was connected to a DC power supply. Then, 25 μL of the assay solution containing 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPrA in 0.1 M PBS (pH 7.4) was dropped onto the center of the pBPE. The pBPE chip was placed into a black box. Before the device was powered on, a 30-60 s wait time was necessary to ensure that the entire channel was completely filled with the solution. Next, the DC power supply was turned on, and the ECL at the BPE anodic pole could be obtained. Finally, the ECL emission collected by the PMT was recorded with a LabVIEW-based photon-counting computer program. The maximum luminescence signal was selected as the valid data in the experiments.

Results and discussion
======================

Detection scheme of pBPE-ECL for Aβ(1-42) aggregation
-----------------------------------------------------

It has been reported that in aqueous solution or in the presence of monomeric Aβ(1-42), the photoluminescence of \[Ru(phen)~2~dppz\]^2+^ is quenched by the protonation of the phenazine N atoms in the excited state. However, its photoluminescence increases by several orders of magnitude in the presence of Aβ(1-42) oligomers and fibrils because the dppz ligand of \[Ru(phen)~2~dppz\]^2+^ is a hydrophobic extended aromatic system that can efficiently hide from water by binding to the hydrophobic cleft formed between Val18 and Phe20 on the surface of Aβ(1-42) oligomers and fibrils; this cleft is parallel to the β-sheet structure axis. At this site, the side chains of Val18 and Phe20 interact with the aromatic ring of dppz through CH-π and π-π interactions, respectively [@B23]-[@B26].

Therefore, we hypothesize that the light-switching ECL properties of \[Ru(phen)~2~dppz\]^2+^ with Aβ(1-42) aggregates is likely similar to its photoluminescence mechanism. \[Ru(phen)~2~dppz\]^2+^ can intercalate in a label-free manner into the β-sheets when Aβ(1-42) gradually aggregates to form oligomers or fibrils. During the intercalation, the \[Ru(phen)~2~dppz\]^2+^-Aβ(1-42) complex produced a change in the polarity of the microenvironment that favored the population of a luminescent state, resulting in intense ECL emission. The greater the number of hydrophobic regions formed in the process of Aβ(1-42) aggregation was, the greater the ECL intensity obtained (**Figure [1](#F1){ref-type="fig"}A**). In addition, the emission intensity of the ECL is proportional to the \[Ru(phen)~2~dppz\]^2+^-Aβ(1-42) aggregate complex concentration in the presence of excess TPrA, thereby enabling quantitative detection of Aβ(1-42) *in vitro*.

Conventional electrochemical electrodes usually suffer from requiring a wire connected directly to the working electrode, and electrode preparation is also complicated and difficult to control, increasing the complexity of Aβ(1-42) aggregation detection. In this study, the pBPE made by wax-screen printing and screen printing and the two driving electrodes of the pBPE connected to a DC power supply were developed as a wireless and disposable detection platform. Briefly, wax-screen printing was employed to form hydrophilic channels on filter paper [@B38], and the carbon ink-based bipolar electrode and driving electrodes were screen printed into the channels. Then, the as-prepared pBPE was placed into two 3D-printed substrates to assemble the pBPE chip, and the pair of driving electrodes was connected to a DC power supply. Once the \[Ru(phen)~2~dppz\]^2+^-Aβ(1-42) aggregate complex was formed, the assay solution containing \[Ru(phen)~2~dppz\]^2+^-Aβ(1-42) aggregate complexes and TPrA was then directly applied to the wireless, low-cost, label-free and sensitive pBPE-ECL system to perform the ECL assays. When sufficient voltage is applied between the two ends of the driving electrode, the potential difference between the pBPE and the solution simultaneously drives redox reactions at both poles of the pBPE. As a result, ECL signals, which are generated at the anodic pole of the pBPE, are captured by the PMT and recorded with a LabVIEW-based photon-counting computer program for further analysis. The mechanism of the \[Ru(phen)~2~dppz\]^2+^-Aβ(1-42) aggregation complex reaction with TPrA at the anode of the pBPE is shown in **Figure [1](#F1){ref-type="fig"}B**. The mechanism of reaction with TPrA was as follows:
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Real-time detection of the Aβ(1-42) aggregation
-----------------------------------------------

AD is characterized by an imbalance between the production and clearance of amyloid-β species *in vivo*, while *in vitro*, monomeric Aβ(1-42) presents strong self-aggregation ability and can aggregate into a β-sheet structure of ordered fibrils under specific conditions. The amyloid-β cascade hypothesis suggests that increased Aβ(1-42) aggregation occurs prior to the formation of Aβ oligomers, which is followed by the formation of fibrils and ultimately of plaques. The "light-switch" molecule \[Ru(phen)~2~dppz\]^2+^ was integrated into the pBPE-ECL system to study Aβ(1-42) aggregation in real time. To verify the aggregation degree of Aβ(1-42) by quantitative analysis of pBPE-ECL sensors, 50 nM monomeric Aβ(1-42) was added to 5 mM pH 7.4 PBS at 37 °C, incubated for 0, 0.5, 1, 2, 4, 8, 16, 24, 48, 72 and 120 h, and then mixed with 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPrA, followed by application of the mixture solution to the paper-based bipolar electrodes for ECL detection. As seen from the results in **Figure [2](#F2){ref-type="fig"}A**, the ECL gradually increases over time. The reason for this phenomenon is as follows: the more oligomeric or fibrous Aβ(1-42) is formed with the increasing aggregation of Aβ(1-42), the more hydrophobic regions that \[Ru(phen)~2~dppz\]^2+^ can bind to, thereby resulting in remarkable ECL enhancement.

To demonstrate whether the aggregation is the only reason for the increased ECL intensity, we applied 50 nM monomeric Aβ(1-42) incubated with pH 7.4 PBS for 0, 0.5, 1, 2, 4, 8, 16, 24, 48, 72 and 120 h at 37 °C to a dynamic light scattering assay and a ThT binding fluorescence assay. As seen from the results in **Figure [S1](#SM0){ref-type="supplementary-material"}** and**Figure [2](#F2){ref-type="fig"}B**, the particle size of Aβ(1-42) and the fluorescence intensity gradually increase with time. To intuitively observe the morphology of different forms of Aβ(1-42) and directly corroborate the abovementioned experiments, we incubated monomeric Aβ(1-42) for different times and applied it to AFM analysis. From the experimental results in **Figure [2](#F2){ref-type="fig"}C**, it can be seen that the morphology of different forms of Aβ(1-42) in AFM is different: the Aβ(1-42) oligomers are spherical or elliptical spherical particles with a height of approximately 25 nm, whereas the Aβ(1-42) fibers showed long fibrous aggregation under the microscope with a height of approximately 10 nm and a length\> 1000 nm. The oligomer and aggregated Aβ(1-42) were applied to TEM for further verification. According to the TEM images (**Figure [S2](#SM0){ref-type="supplementary-material"}**), the oligomer Aβ(1-42) shows a 150 nm spherical shape, while aggregated Aβ(1-42) shows a fibrous shape. The experimental results also directly verified the formation of β-amyloid oligomers/fibrils. The results of this experiment are also consistent with the results of particle size analysis [@B39]. The ECL experimental results were consistent with other parallel experiments, which well demonstrated the capacity of the paper-based ECL sensor to detect Aβ aggregation in real time *in vitro*.

Sensitivity assay
-----------------

To validate the sensitivity of our newly developed pBPE-ECL assay system for Aβ(1-42) aggregation detection *in vitro*, different concentrations of monomeric Aβ(1-42) ranging from 50 nM to 50 pM were incubated at 37 °C in pH 7.4 PBS solution for 24 h. There was no direct measurement method to determine the concentration of Aβ(1-42) aggregates. Therefore, we used the initial concentration of Aβ(1-42) monomer as the equivalent concentration of Aβ(1-42) aggregates under the same aggregation condition. The as-prepared Aβ(1-42) aggregates were then incubated with 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPrA to evaluate the sensitivity of the pBPE-ECL analysis system. As shown in **Figure [3](#F3){ref-type="fig"}A**, the ECL intensities increase linearly with increasing monomeric Aβ(1-42) concentration from 50 nM to 50 pM. The maximum luminescence signals corresponding to each concentration of Aβ(1-42) and the negative control are presented in**Figure [3](#F3){ref-type="fig"}A**. Linear analysis of the experimental results in**Figure [3](#F3){ref-type="fig"}B** indicates a correlation coefficient (R^2^) of 0.99572, which suggests that this system is capable of reliably performing Aβ(1-42) aggregation detection *in vitro*. For n=3, the R.S.D of the present method for Aβ(1-42) aggregation, which is calculated based on standard deviation divided by mean value at each test point, ranges from 3.34% to 9.62%. To define whether a sample is Aβ(1-42)-positive, a cutoff value is calculated based on the following formula:
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where V~control~ is the average light emission from the negative control without Aβ(1-42) and V~stdev(con)~ represents the standard deviation (V~stdev(con)~) of the ECL reading from the negative control samples. According to this formula, the cutoff level for Aβ(1-42)-positive samples was set at 884 counts/s. An ECL signal less than this value should not be indicated as Aβ(1-42)-positive under our conditions. With the use of our method, the limit of detection (LOD) was determined to be 100 pM (equivalent monomer concentration), which is lower than the reported Aβ(1-42) levels of AD patients.[@B40]

Transgenic mouse analysis
-------------------------

To further verify that the pBPE-ECL system can be used for actual sample detection, we collected the CSF from mice for direct detection. CSF (\~5 μL) was collected from the cisterna magna of C57BL6 wild-type mice and APP/PS1 transgenic AD model mice and then incubated with 30 μL of a mixed solution containing 1x PBS, 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPA for 30 min, followed by application to the pBPE-ECL platform for ECL detection. It can be seen from the experimental results (**Figure [4](#F4){ref-type="fig"}A**) that the maximum luminescence signal of the CSF from the APP/PS1 transgenic AD model mice was significantly higher than that of the CSF from the C57BL6 wild-type mice. Moreover, the mean ECL value of the CSF from APP/PS1 transgenic AD model mice was significantly different from that of the CSF from the C57BL6 wild-type mice (P \<0.005) (**Figure [4](#F4){ref-type="fig"}B**).

The APPswe/PSEN1dE9 (APP/PS1) transgenic mouse model used in this study was obtained by coinjection of mice with the APPswe and PS1dE9 vectors, while the C57BL6 wild-type mice did not harbors these vectors. Thus, we can simply identify the two kinds of mice by amplification of the exogenous genes with PCR. We further identified the mice by designing a pair of APP primers (the length of the amplified product was 377 bp) and a pair of PS1 primers (the length of the amplified product was 608 bp), which were derived from the APPswe and PS1dE9 vectors, respectively (**Figure [S3](#SM0){ref-type="supplementary-material"}A**), and the total DNA of the transgenic mice and common mice was applied to PCR. The results of electrophoresis (**Figure [S3](#SM0){ref-type="supplementary-material"}B**) showed that the DNA of the normal C57BL6 mice in lane 2 did not obtain the amplified bands and that the rest of the lanes for the APP/PS1 transgenic AD model mice did gain the expected amplify bands. The results of the genetic identification are also highly consistent with the results of the ECL experiment. Western blot analysis of CSF samples in **Figure [4](#F4){ref-type="fig"}C-D** indicated that the protein level of Aβ oligomer in APP/PS1 transgenic mice was significantly higher than that in C57/BL6 wild-type (WT) mice (P \< 0.01). After identification, we can determine that the pBPE-ECL system can be used not only for pure sample detection but also for actual sample detection with high accuracy.

Potential application for Aβ(1-42) aggregation inhibitor screening
------------------------------------------------------------------

Encouraged by the excellent performance of the pBPE-ECL assay system in Aβ(1-42) aggregation analysis with APP/PS1 AD model mice, we next investigated its potential application to Aβ(1-42) aggregation inhibitor screening. Since Aβ(1-42) plays an important role in AD, agents that can suppress Aβ(1-42) aggregation hold promise as potential anti-AD drugs; therefore, it is of great importance to develop fast and reliable assays for high-throughput screening of compounds for Aβ(1-42) aggregation inhibition and investigation of their inhibitory effects. Here, two compounds proven to inhibit Aβ(1-42) aggregation were employed as models: Congo red (CR) and curcumin [@B3], [@B41]. CR could bind to the Aβ aggregation core region (Aβ16-20, KLVFF), inhibiting the β folding of Aβ and Aβ(1-42) aggregation [@B42] (**Figure [5](#F5){ref-type="fig"}A**), while curcumin could interact with the aromatic residues in the Aβ sequence, forcing these inhibitors into the center of the Aβ amino acid sequence and interfering with the aggregation of Aβ [@B43] (**Figure [5](#F5){ref-type="fig"}B**). Different concentrations of CR and curcumin ranging from 0 to 100 μM mixed with 50 nM Aβ(1-42) monomer were incubated at 37 °C in 5 mM pH 7.4 PBS solution for 24 h. The inhibited Aβ(1-42) aggregates were then incubated with 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPrA for 30 min and applied to the pBPE-ECL platform for ECL detection. As shown in **Figure [5](#F5){ref-type="fig"}C-D**, the ECL density decreased with increasing CR or curcumin concentration. The reduced ECL intensities suggested that Aβ(1-42) aggregation was significantly inhibited by both compounds. The relative Aβ(1-42) aggregation was further plotted as a function of inhibitor concentration and fitted with an exponential function. The IC~50~ values (half-maximal inhibitory concentration) of CR and curcumin were then determined to be 1.067 μM and 3.515 μM, respectively, which are close to the values reported previously [@B42], [@B43]. These values can help determine the inhibitory effect of these two kinds of inhibitors. A thioflavin T assay was also employed to verify the presence of amyloid-β oligomer/fibrils during Aβ(1-42) aggregation inhibitor screening. The experimental results in **Figure [S7](#SM0){ref-type="supplementary-material"}A-B** well verified the presence of amyloid-β oligomer/fibrils. Compared with other fluorescence- or electrochemistry-based screening methods, the pBPE-ECL assay system is more rapid and lower cost and does not require expensive instruments or sophisticated operations [@B44], [@B45]. A comparison of the proposed ECL methods for Aβ(1-42) detection with other existing methods is presented in **Table [S1](#SM0){ref-type="supplementary-material"}**. The running cost of each of the fabricated pBPEs is estimated to be \$0.005 (including conductive carbon ink, filter paper and wax). Note that the plastic support can be used repeatedly, and thus, its cost is negligible. In addition, the cost of reagents (such as TPrA and \[Ru(phen)~2~dppz\]^2+^) for each assay is approximately \$0.3 since a small amount of reagents are needed in a test. More importantly, the pBPE is disposable and so amenable to batch fabrication that it can be considered a potential platform for rapid and high-throughput initial screening of Aβ(1-42) aggregation inhibitors as anti-AD drug agents. Before the pBPE-ECL device can be widely used in both laboratories and low-resource settings, however, further developments and improvements are required. A more integrated and portable app coupled with the assay system may make the system more conveniently utilized in conjunction with widely used mobile phones in the future. More importantly, multiple-test pBPE chips and standard internal reference samples may be developed for more precise and personalized diagnoses.

Conclusion
==========

In this study, we constructed a pBPE-ECL platform to achieve label-free, real-time and rapid detection of the Alzheimer\'s disease biomarker Aβ(1-42) by taking advantage of the light-switch principle of the \[Ru(phen)~2~dppz\]^2+^ molecule in the presence of different forms of Aβ(1-42). This platform can smartly differentiate the presence and absence of Aβ(1-42) aggregates. The Aβ(1-42) aggregation process can also be monitored in real time by this system. This platform not only could detect as low as 100 pM equivalent monomer concentration of Aβ(1-42) in pure samples but also was capable of testing the CSF from transgenic AD model mice as an actual sample, providing results that are highly consistent with those of genetic identification. In addition, we demonstrated the feasibility of this platform as a potential new method for the screening of Aβ(1-42) aggregation inhibitors. By showing the ability of the pBPE-ECL system to rapidly and sensitively detect amyloid-β oligomerization without requiring expensive instruments or complex operations, we demonstrated the potential of this platform for AD diagnosis.
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![**Scheme of the paper-based bipolar electrode electrochemiluminescence sensor for highly sensitive Aβ(1-42) aggregation detection. (A)** \[Ru(phen)~2~dppz\]^2+^ was used to monitor the Aβ(1-42) aggregation process. In aqueous solution or in the presence of monomeric Aβ(1-42), the ECL of \[Ru(phen)~2~dppz\]^2+^ is quenched by the protonation of the phenazine N atoms in the excited state. However, its ECL increases by several orders of magnitude in the presence of Aβ(1-42) oligomers and fibrils. The red highlighted letters represent the Val18 and Phe20 sites that \[Ru(phen)~2~dppz\]^2+^ binds to when Aβ(1-42) aggregates form. **(B)** The construction of the pBPE-ECL system and the mechanism of the \[Ru(phen)~2~dppz\]^2+^- Aβ(1-42) aggregate complex reaction with TPrA on the bipolar electrode.](thnov08p2289g001){#F1}

![**Real-time detection of the Aβ(1-42) aggregation. (A)** ECL intensities of 50 nM monomeric Aβ(1-42) incubated at 37 °C in 5 mM pH 7.4 PBS solution for 0, 0.5, 1, 2, 4, 8, 16, 24, 48, 72 and 120 h when applied to an assay solution containing 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPrA. **(B)** Thioflavin T (ThT) binding fluorescence assay of 50 nM monomeric Aβ(1-42) incubated at 37 °C in pH 7.4 PBS solution for 0, 0.5, 1, 2, 4, 8, 16, 24, 48, 72 and 120 h. **(C)** AFM images of 50 nM monomeric Aβ(1-42) incubated at 37 °C in PBS, pH 7.4 for 0 h, 24 h, and 120 h, respectively. The scale bar was 1 μm.](thnov08p2289g002){#F2}

![**Sensitivity assay. (A)** The electrochemiluminescence results on the paper-based bipolar electrode collected by a photomultiplier tube (PMT) with 50 nM, 20 nM, 10 nM, 5 nM, 1 nM, 500 pM, 200 pM, 100 pM, and 50 pM equivalent monomer concentration of Aβ(1-42) and the control experiment result. **(B)** Calibration curve for the Aβ(1-42) aggregation assay using the pBPE-ECL system. The inset shows the linear relationship between ECL intensity and the logarithm of Aβ(1-42) concentrations. ECL assay conditions were as follows: different concentrations of monomeric Aβ(1-42) ranging from 50 pM to 50 nM were first incubated at 37 °C in 5 mM pH 7.4 PBS solution for 24 h and then mixed with 10 μM \[Ru(phen)~2~dppz\]^2+^ and 50 mM TPA for 30 min, and finally, the assay solution was directly applied to the pBPE-ECL system to perform the ECL assays at a driving voltage of 14 V. The error bars represent the standard deviations from three independent experiments.](thnov08p2289g003){#F3}

![**CSF assay using a mouse model. (A)** The ECL assay results of ten CSF specimens collected from the cisterna magna of five normal C57BL6 mice and five APP/PS1 transgenic AD model mice. A total of \~5 μL CSF can be obtained from each mouse. **(B)** Scatter plot of the maximum ECL signal of the CSF assay of C57BL6 wild-type mice and APP/PS1 transgenic AD model mice with the pBPE-ECL system and significant difference analysis; data are shown as the mean ± SD (n = 5). P-values were determined by Student\'s t-test. \*\*\*P \< 0.005. **(C, D)** Western blot analysis of Aβ oligomer level in APP/PS1 transgenic mice and age-matched C57/BL6 wild-type (WT) littermate mice at 6 month of age. Data represent the means ± SEM for five mice per group. \*\* P \< 0.01 versus WT mice.](thnov08p2289g004){#F4}

![**Potential application of the pBPE-ECL system to Aβ(1-42) aggregation inhibitor screening. (A)** Congo red could bind to the Aβ(1-42) aggregation core region (Aβ16-20, KLVFF) and inhibit Aβ(1-42) aggregation by inhibition of β folding. **(B)** Curcumin could interact with the aromatic residues in the Aβ sequence, forcing the inhibitors into the center of the Aβ amino acid sequence and interfering with the aggregation of Aβ(1-42). The relative Aβ(1-42) aggregation is plotted as a function of inhibitor concentration. Aβ(1-42) (50 nM) was incubated at 37 °C in 5 mM pH 7.4 PBS solution for 24 h with different concentrations of **(C)** Congo red and **(D)** curcumin ranging from 0 to 100 μM.](thnov08p2289g005){#F5}
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